Green-emitting phosphors of Sr 3 La͑PO 4 ͒ 3 :Ce 3+ ,Tb 3+ have been synthesized by a solid-state reaction. The energy transfer from Ce 3+ to Tb 3+ is a resonant type via a dipole-dipole mechanism with an energy-transfer critical distance of 7.6 Å. By utilizing the principle of energy transfer and appropriate tuning of activator contents, we have also made an attempt to observe a strong green emission performance displayed by this phosphor for use as a coating material on compact fluorescent lamps ͑CFLs͒. ͒ compared with CMAT whose density is 4.20 g cm −3 . As a result, the phosphor paint for lamp coating using LAP as a green-emitting component is more homogeneous than that made of CMAT, and, hence, the color uniformity between two ends of tubular fluorescent lamps such as cold cathode fluorescent lamps ͑as components of thin film transistor liquid crystal display panel͒ is better than that using CMAT green-emitting phosphor. However, the cost of CMAT, which uses fewer terbium ions, is cheaper than LAP. Hence, the CMAT green-emitting phosphor was employed widely in compact fluorescent lamps ͑CFLs, U-shape or helical configuration͒ for general-lighting applications. A quest for low cost green-emitting phosphors with high luminescence efficiency and maintenance has become an important task, the research for which is being actively pursued. For this aim, we have synthesized a class of Sr 3 ͑La 1−x−y Ce x Tb y ͒͑PO 4 ͒ 3 phosphors with the eulytite structure. The eulytite structure M 3
The spectroscopic properties of rare-earth ions in different hosts in the vacuum-UV-UV range have attracted considerable attention in recent years. The design of the phosphors for tricolor fluorescent lamps is of great research interest. In white fluorescent lamps, the UV ͑254 nm͒ irradiation from mercury vapor is converted into visible light by several kinds of phosphors. In particular, Tb 3+ -incorporated materials with a sharp green emission with typical 5 O 19 , and GdMgB 5 O 10 are some of the well-established hosts for phosphor materials in the lamp industry. The efficient green emission from these phosphors upon excitation at 254 nm is based on the energy transfer from Ce 3+ ions to Tb 3+ ions. 3, 4 The importance of the energy-transfer process in these phosphors has resulted in investigations into prospective host materials for activation with individual Tb 3+ and co-doping Tb 3+ along with Ce 3+ ions. Luminescence studies on new host materials activated with Tb 3+ ions have been reported. [5] [6] [7] These studies also include phosphor materials based on Ce 3+ and Tb 3+ co-doped systems involving energy transfer. 8, 9 For example, Zhao et al. 8 studied Ce 3+ -Tb 3+ interactions by nanosecond techniques at different temperatures and calculated the probability and efficiency of energy transfer from Ce 3+ to Tb 3+ . Recently, a similar energy transfer was also observed by Huang et al. 9 in BaZn 2 ͑PO 4 ͒ 2 :Ce 3+ ,Tb 3+ phosphors, and they clarified the mechanism of energy transfer and quantitatively evaluated this transfer in the host, indicating that the Ce 3+ → Tb 3+ energy transfer can be explained by a dipole-dipole interaction mechanism with a critical distance of 6.7 Å. ͑La 0.55 Ce 0.30 Tb 0.15 ͒PO 4 ͑LAP͒ is one of the green phosphors of tricolor fluorescent lamps. In addition to its high quantum efficiency and stability at a high temperature, 10 ͒ compared with CMAT whose density is 4.20 g cm −3 . As a result, the phosphor paint for lamp coating using LAP as a green-emitting component is more homogeneous than that made of CMAT, and, hence, the color uniformity between two ends of tubular fluorescent lamps such as cold cathode fluorescent lamps ͑as components of thin film transistor liquid crystal display panel͒ is better than that using CMAT green-emitting phosphor. However, the cost of CMAT, which uses fewer terbium ions, is cheaper than LAP. Hence, the CMAT green-emitting phosphor was employed widely in compact fluorescent lamps ͑CFLs, U-shape or helical configuration͒ for general-lighting applications. A quest for low cost green-emitting phosphors with high luminescence efficiency and maintenance has become an important task, the research for which is being actively pursued. For this aim, we have synthesized a class of Sr 3 ͑La 1−x−y Ce x Tb y ͒͑PO 4 ͒ 3 phosphors with the eulytite structure. .9%, Aldrich͒. Stoichiometric amounts of reactants were first well ground and closely mixed in the requisite proportions; all powder samples were sintered at 1400°C for 8 h in a 15% H 2 /85% N 2 atmosphere. The products were obtained by cooling down to room temperature in an electric furnace and were then ground and pulverized for further measurements.
The phase purity of the phosphor samples was verified by powder X-ray diffraction ͑XRD͒ analysis with an advanced automatic diffractometer ͑Bruker AXS D8͒ with Cu K␣ radiation ͑ = 1.5418 Å͒ operating at 40 kV and 20 mA. The XRD data for phase identification were collected in a 2 range from 10 to 80°. The measurements of photoluminescence ͑PL͒ and photoluminescence excitation ͑PLE͒ spectra were performed by using a Spex Fluorolog-3 spectrofluorometer ͑Instruments S.A., Edison, NJ͒ equipped with a 450 W Xe light source and double excitation monochromators. The powder samples were compacted and excited under 45°incidence, and the emitted fluorescence was detected by a Hamamatsu Photonics R928 type photomultiplier perpendicular to the excitation beam. The spectral response of the measurement system was calibrated automatically on start-up. To eliminate the second-order emission of the source radiation, a cutoff filter was used in the measurements. The Commission Internationale de l'Eclairage ͑CIE͒ chromaticity coordinates for all samples were determined by a Laiko DT-100 color analyzer equipped with a charge coupled device detector ͑Laiko Co., Tokyo, Japan͒. The morphology and size of the prepared phosphor samples were investigated by a Hitachi S-4000 field-emission-type scanning electron microscope ͑SEM͒.
To compare the performance of the composition-optimized Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 phosphor and that of commodity phosphor CeMgAl 11 O 19 :Tb 3+ ͑Shanghai Yuelong new materials Co. Ltd., SY-CMAT͒ for the fabrication of CFLs, a series of phosphorconverted GL-CFLs was fabricated. Based on the standard CFL technology, a low pressure discharge lamp in which the envelope that contains argon and mercury is coiled into a helical configuration, the green-emitting Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 phosphor coating was provided on the interior surface of the envelope, and two tungsten electrodes were sealed into the ends of the envelope. The second GL-CFL, based on the SY-CMAT commodity, was also fabricated at the same collocation for comparison. The relative emission spectra, CIE chromaticity coordinates, and luminescent efficiency of GL-CFLs based on Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 and SY-CMAT were measured at room temperature using an integrating sphere.
Results and Discussion
The XRD patterns of Sr 3 La͑PO 4 ͒ 3 and composition-optimized Sr 3 La 0.92 Ce 0.08 ͑PO 4 ͒ 3 and Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 prepared by a solid-state reaction at 1400°C are shown in Fig. 1 . The diffraction peaks of these three products indicated that the samples were single cubic phases, and the XRD profiles agree well with that reported in the JCPDS card no. 029-1306.
14 These powder samples are the main phase of the Sr 3 La͑PO 4 ͒ 3 single crystal combined with a small amount of an unknown phase, which was isostructural with Sr 3 La 2 ͑PO 4 ͒ 4 ; a similar phenomenon was also observed in the synthesis of Pb 3 V͑PO 4 ͒ 3 .
13 Figure 2 shows the PL and PLE spectra of Sr 3 ͑La 0.92 Ce 0.08 ͒ ͑PO 4 ͒ 3 where an excitation hump at 310 nm was observed in the PLE spectrum. The stronger hump at 310 nm was attributed to the 4f-5d transition of Ce 3+ , and it can also be excited by 254 nm. The PL spectrum shows a strong emission band with the maximum around 370 nm ͑27,027 cm −1 ͒ under excitation at 254 nm, and the emission curves are rather broad with a full width at half-maximum of about 5 ϫ 10 3 cm −1 . Because the f-d bands of Ce 3+ in Sr 3 La͑PO 4 ͒ 3 :Ce 3+ are remarkably broad, the Stokes shift ͑the energy difference between the emission and excitation maxima͒ is difficult to be determined accurately. The lowest f-d transition excitation bands were observed at around 310 nm ͑32,258 cm −1 ͒; therefore, the Stokes shift was estimated to be nearly or slightly lower than 5000 cm −1 . Figure 3 shows the excitation and emission spectra of Tb 3+ in Sr 3 La͑PO 4 ͒ 3 . The excitation spectrum consists of several lines in the region from 300 to 390 nm and a broad band peaking at about 270 nm. The broad band is ascribed to the spin-allow transition from the 4f to the 5d state of the Tb 3+ ion, whereas the sharp lines correspond to absorption due to the forbidden f-f transition of the Tb 3+ ion. The Fig. 6 .
With increasing Tb 3+ dopant content, the T increased gradually. In general, the energy transfer from a sensitizer to an activator in a phosphor may take place via exchange interaction and electric multipolar interaction. 9 Exchange interaction requires a large direct or indirect overlapping between orbitals of the donor and the acceptor, leading to easy electronic exchange. Because both Ce 3+ and Tb 3+ are reducing ions, such an exchange would require too high energies to be feasible, as discussed and reported by You et al. 18 and Ropp and Carroll. 20 unlikely. Thus, the Ce 3+ to Tb 3+ energy transfer in Sr 3 La͑PO 4 ͒ 3 takes place via an electric multipolar interaction. Based on Dexter's energy-transfer formula of exchange interaction, the following relation can be given as [21] [22] [23] lnͩ
where C Ce+Tb is the total dopant concentration. The ln͑I S0 /I S ͒ − C plot exhibits a nonlinear relationship, which further indicates that the exchange interaction is not a dominant energy-transfer mechanism in Sr 3 La͑PO 4 ͒ 3 :Ce 3+ ,Tb 3+ . The above result was similar to our previous prediction. On the basis of Dexter's energy-transfer formula of multipolar interaction and Reisfeld's approximation, the following relation can be obtained in the absence and presence of Tb 3+ , respectively; the value of 0 / s can be approximately replaced by the ratio of related luminescence intensities ͑I S0 /I S ͒; C Ce+Tb is the total dopant concentration, and n = 6, 8, and 10, corresponding to dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions, respectively.
The I S0 /I S − C n/3 plot is presented in Fig. 7a and b, giving a linear relationship in both dipole-dipole and dipole-quadrupole interactions. The electric dipole-dipole interaction usually accompanies the electric dipole-quadrupole interaction because the coulombic effect of the former is larger than that of the latter. Therefore, the energy transfer from Ce 3+ to Tb 3+ is considered to be the dipoledipole mechanism, which is similar to those examined and reported by Yang and Chen 24 and Chang and Chen 25 in our research group
where Q A = 3.5 ϫ 10 −21 cm 2 eV is the absorption cross section of Tb 3+ , 26 R is the donor-acceptor distance ͑in angstroms͒, E S is the energy involved in the transfer ͑in electron volts͒, 0 is the donor radiative lifetime ͑in seconds͒, and ͐F S ͑E͒F A ͑E͒dE is the overlap integral between the normalized Ce 3+ emission ͓F S ͑E͔͒ and Tb
3+
excitation ͓F A ͑E͔͒ spectra, and it was estimated to be 1.05 eV −1 . The critical distance ͑R c ͒ of energy transfer from the sensitizer to the acceptor is defined as the distance for which the probability of transfer equals the probability of the radiative emission of the donor, i.e., the distance for which P Ce-Tb S0 = 1. Hence, R c can be expressed by
Using the values and the calculated spectral overlap, the To investigate the potential of phosphors in fluorescence lighting, we have fabricated the GL-CFLs accordingly by employing about 1.1-1.5 mg of mercury and argon pressure of 3.2-3.7 Torr; the phosphor layer coating of green-emitting Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 and the coil filaments were coated with an electron emitter material that emits the thermal electrons. The Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 phosphor layer exposed to UV irradiation absorbs the incipient radiation and emits a visible green light with the dominant emission peak at around 545 nm, as shown in Fig. 8 . The inset shows GL-CFL operated at a power of 11 W, and the measured CIE coordinates were observed to be ͑0.32, 0.54͒.
The GL-CFL using the Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 phosphor emits at about 69 lm/W at a power of 11 W. Another GL-CFL based on commercial green phosphors ͑SY-CMAT͒, fabricated under the same conditions, exhibits a luminous efficiency of 77 lm/W at 11 W. The dominant emission wavelengths, CIE coordinates, and luminous efficiency of GL-CFLs are summarized in Table I for caused by high power density loading on the tube wall and higher temperature operation had to be avoided. In particular, the degradation caused by interactions of the mercury with the glass and phosphors has been investigated in detail, in addition to the degradation of the phosphors themselves. The extent of mercury oxide deposition on the surface of phosphor particles leading to the blackening of a phosphor layer depends on the kind of phosphor being employed. 27 Therefore, the long-life GL-CFL using the Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 phosphor was tested on continuous lighting under 11 W, and its lumen maintenance was compared with that of the GL-CFL, which used the SY-CMAT phosphor and operated on the same power consumption. The results are shown in Fig.  9 . After an actual test of 2000 h for running at 11 W, the lumen maintenance values based on Sr 3 ͑La 0.67 Ce 0.08 Tb 0.25 ͒͑PO 4 ͒ 3 and SY-CMAT were found to be 91.8 and 88.4%, respectively. However, the terbium resource is extremely limited, and the raw materials of terbium are very costly. The same weight phosphors with different contents of Tb 3+ ions are summarized in Table II Lumen maintenance (%)
Burning time (h) Figure 9 . The relationship between burning time and the lumen maintenance for two GL-CFLs. 
